We present a three-dimensional (3D) tracker for a clinical ophthalmic spectral domain optical coherence tomography (SD-OCT) system that combines depth-tracking with lateral tracking, providing a stabilized reference frame for 3D data recording and post acquisition analysis. The depth-tracking system is implemented through a real-time dynamic feedback mechanism to compensate for motion artifact in the axial direction. Active monitoring of the retina and adapting the reference arm of the interferometer allowed the whole thickness of the retina to be stabilized to within ±100 µm. We achieve a relatively constant SNR from image to image by stabilizing the image of the retina with respect to the depth dependent sensitivity of SD-OCT. The depth tracking range of our system is 5.2 mm in air and the depth is adjusted every frame. Enhancement in the stability of the images with the depth-tracking algorithm is demonstrated on a healthy volunteer.
Introduction
Optical coherence tomography (OCT) is a highly sensitive noninvasive imaging modality based on light reflectivity from within the tissue [1] . Recent advances in OCT technology have led to the development of spectral-domain OCT (SD-OCT) with improved sensitivity and speed [2] [3] [4] [5] . In SD-OCT, a depth profile (or optical A scan) is obtained by Fourier transforming the spectral interferogram obtained through a spectrometer in the detection arm of a Michelson interferometer.
Motion artifacts during retinal imaging, including lateral and axial motion of the eye, are of major concern [6] due to the discontinuities within and in between OCT frames leading to the loss of image quality and improper registration of 3-D volumetric data. Lateral movement of the retina is inevitable due to the involuntary eye movements, and limits the capability of imaging a targeted region in the retina. Undesirable lateral movement of the retina is corrected for in our system by implementing a lateral-tracking mechanism that was described in detail previously [7, 8] . Retinal imaging of patients is performed with our SD-OCT system using a modified slit-lamp designed with head and chin rests as shown in Fig. 1 . In spite of the head and chin rests, one of the other motion artifacts during imaging is axial eye motion, caused by back and forth head movement. In an OCT measurement, the ranging depth is quite limited and the axial motion may displace the retinal image to an undesired location in depth. Moreover in an SD-OCT system, the sensitivity degrades with depth due to the limited spectral sampling resolution of the spectrometer [9] . Hence, limiting the image of the retina to within a very short distance in depth provides better sensitivity and relatively constant signalto-noise ratio (SNR) over the entire OCT scan.
An adaptive ranging technique [10] was previously developed to adjust the coherence gate offset within a lateral scan (frame) for a time-domain OCT (TD-OCT) system. As TD-OCT systems are relatively slow compared to SD-OCT systems, it was possible to correct for depth shifts in between A-lines.
In this paper, we present a complete 3D tracking system that, in addition to lateral tracking, enables active monitoring and stabilization of the retina's depth position. For depth tracking, we derive and show experimentally that a relatively constant SNR is maintained from frame to frame by confining the image of the retina to a relatively fixed location. Our system is capable of tracking a distance of 5.2 mm in air.
Materials and methods
The 3D tracking retinal imaging system is based on our clinical SD-OCT system that was previously described by Nassif et al. [9] . The setup, which includes the recent upgrades of simultaneous scanning laser ophthalmoscope (SLO) imaging, lateral tracking and depth tracking, is depicted in Fig. 1 . In brief, the SD-OCT system is a fiber-based interferometer that is illuminated by a superluminescent diode (SLD) with a full-width at half maximum (FWHM) bandwidth of 50 nm at a center wavelength of 840 nm. A grating based rapid scanning optical delay (RSOD) line [11] is incorporated in the reference arm, with a reflection grating (300 lines/mm), scan lens (f = 80 mm), and galvanometer scanner 6800 HP with a 3 x 7 mm mirror (Cambridge Technology). The RSOD line utilizes a mirror mounted on a rotational galvanometer to introduce an optical pathlength delay in the reference arm. It is used mainly for adjusting the two arms of the interferometer and for compensating unbalanced dispersion. The dispersion mismatch between the reference and sample arms is minimized by optimizing the location of the diffraction grating [11] . This RSOD line provides a 5.2 mm range of pathlength delay at high speeds and it is used for the depth tracking. Light reflected from the retina is interferometrically combined with the light reflected from the reference arm and the spectral interference is analyzed using a high-speed spectrometer. The measured axial resolution of the SD-OCT system, evaluated at -3 dB (FWHM) of the intensity peak (power) reflected from the sample arm, is approximately 4.7 μm in tissue (assuming a refractive index of 1.38).
Individual depth profiles or axial scans (A-lines) are acquired at the rate of 14.5 kHz with each frame or image consisting of 500 consecutive A-lines, allowing 29 frames per second (fps) acquisition. Data acquisition and processing software based on thread architecture similar to the one described in Ref. [12] is used to handle functionalities such as triggering, acquisition, processing, displaying and saving simultaneously. The computer used is a dualcore processor (Intel Pentium IV Xeon) that controls the system through three National An SLO fundus imaging and lateral tracking system (~10μm RMS) developed by Physical Sciences Inc. [7, 8, 13, 14] is integrated into the SD-OCT system and is currently controlled by a separate computer. The SLO system provides real time imaging of retina for proper focusing of the OCT light onto the retina and for precise aiming of the lateral tracking beam before acquisition of the OCT scans. The improvement in OCT imaging due to lateral tracking is demonstrated in Fig. 2 showing examples of the integrated reflectance image [15, 16] Axial motion of the sample results in pathlength difference between the sample arm and the fixed reference arm that manifests as a vertical motion of the target (retina) within the ranging depth. The depth range of our SD-OCT system is measured to be 2.58 mm in air (1.87 mm in tissue) and the sensitivity of our system decreases by 12 dB over a depth of 2 mm in air with 5 dB reduction over the first 1 mm [9] . Therefore, it is highly desirable to keep the image of the retina within this 1 mm imaging range in order to achieve the best sensitivity possible and also to maintain a relatively constant SNR from frame to frame. With an actual thickness of the retina in air around 500 μm and taking into account an additional 300 μm for the curvature, the whole thickness of the retina needs to be stabilized to within about ±100 μm. A depth-tracking system and algorithm is used to continuously adjust the length of the reference arm. The depth-tracking algorithm measures the change of sample arm pathlength by analyzing the acquired retinal images and adjusts the reference arm pathlength in the RSOD in order to minimize the pathlength difference.
The depth-tracking algorithm is described in Fig. 3 using a block diagram. The voltage signal V sent to the RSOD galvanometer is initially set to zero. First, the depth position of the retina is measured and calculated by processing the acquired SD-OCT images. The 2D cross sectional image (frame) consists of a set of axial scans or depth profiles (D) each of which consists of a number of points or pixels (N). For each processed image, a weighted first The weighted mean W is used as the mean depth position of the retina in the image. The retina has a varying curved shape and its curvature needs to be accounted for in the calculation of the optimal depth position of the retina. The curvature of the retina may cause clipping at the top or the bottom of the imaging window. In order to avoid that, we calculate the standard deviation of the mean depth position in the processed image as 
For a flat horizontal retina in the image (as in small area scans), σ is relatively small with respect to W, and therefore P and W are almost the same. However, for a curved retina (as in a large area scan), σ becomes significant and reduces the value of P. By stabilizing the depth position P to the reference position P ref , the algorithm pulls the image down preventing any clipping at the top of the image due to the retina curvature. One can use a scaling factor in front of σ in Eq. (4) to account for a large variability in patient measurements and scan protocols; however, here a scaling factor was not included. This procedure allows the algorithm to adjust itself to the changes in curvature.
Images of 500 A-lines can be processed at a rate of 20 fps, slower than the actual acquisition rate of 29 fps. To provide rapid feedback in the closed loop, the processing speed is increased by processing only one quarter (every 4 th A-line) of the A-lines for each frame. The algorithm updates the output to the RSOD galvanometer at the start of each frame, synchronized with the frame rate of the SD-OCT imaging. The RSOD galvanometer responds to its input with a settling time of around 1 millisecond. Therefore, the dynamics of the RSOD galvanometer are considered negligible compared to the frame rate.
As a first step in designing the feedback controller, the absolute time delay in system response, i.e. the time delay between the voltage output from the algorithm to the RSOD galvanometer, and its effect in the measured position of the retina was determined to be 2 frames (~0.07sec). The software processes the first frame during the acquisition of the second frame and can update the voltage only at the start of the acquisition of the third frame, accounting for the 2-frame delay. With the known propagation delay of the system, a proportional integral (PI) controller is designed for the depth-tracking algorithm. Alternatively a proportional integral derivate (PID) controller could be used however we found that the derivative term was enhancing the measurement noise. The algorithm calculates the position error between the reference position and the measured position of the retina where γ is a conversion factor for converting the position error in image pixel unit to the voltage for the RSOD galvanometer, p K is a proportional gain that is empirically determined, and 2 − i V is the voltage applied two frames prior to the RSOD galvanometer as determined by the time delay in system's response. In case the frame delivering the correction voltage 2 − i V was not processed, it was assigned a zero value. The conversion factor from RSOD voltage to optical pathlength change was measured to be 1.4 mm/V.
For each subsequent image of the retina, the calculated depth position is constantly compared to the set reference value and the updated voltage is continuously applied to stabilize the image of the retina. The voltages sent to the RSOD are stored to record axial eye motion. A reference position, P ref corresponding to a desired location of the retina in the image is initially set, however the operator is given the freedom to change this desired position during the initial patient alignment, before starting the data acquisition.
Characterization of the depth-tracking algorithm
The closed-loop response of the depth-tracking algorithm was characterized by imaging a stable sample (rough metal surface mounted in a model eye) and introducing an external disturbance into the system. The system response was measured as shown in Fig. 4 . The the induced disturbance (P disturbance ) and the results are shown in Fig. 5 . Figure 5(a) shows the system response to an external disturbance at 2.42 Hz. The amplitude of the response is almost the same as that of the disturbance, whereas the phase is delayed by 60 0 with respect to the disturbance. The ratio of the peak-to-peak amplitude of the response and the disturbance is taken at each frequency and is shown in Fig. 5(b) . At very low frequencies, the disturbance and the response nearly coincide with negligible phase difference. As the frequency is increased, we can observe that the response falls behind in time relative to the disturbance and the resulting phase difference is plotted in Fig. 5(c) . At a frequency of 7.25 Hz, the phase delay is 180 degrees. This frequency corresponds to a 2-frame delay in response to a disturbance or error in the real-time measurement.
The depth-tracking range is limited by the linear scan range of RSOD galvanometer without reducing the detected spectral bandwidth of the light source and is measured to be 5.2 
Results
In order to demonstrate the depth-tracking ability of our system, the retina of a healthy human volunteer was imaged with our SD-OCT system, yielding a movie sequence as shown in Fig.  6 . The image size is 6.9 x 1.66 mm 2 with a pixel size of 13.8 x 3.65 μm
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. The images were cropped in the lateral directions to remove artifacts generated by galvanometer fly-back. The first 40 pixels of each depth profile were cropped to remove artifacts associated with low frequency wavelength dependent spectral modulation. In a span of around 29 seconds, a sequence of 840 images was taken at the same location (Y galvanometer was stationary) with active depth-tracking. Instead of the volunteer moving his head, a controlled movement of the head in axial direction over the depth-tracking range, is simulated by manually changing the length of the reference arm. Figure 6(a) shows the movement of the retina if the depth tracking would have been inactive. It is a depiction of the retinal movement that is hypothetically constructed using the known linear relationship between the offset voltage and movement of the retina (1.4 mm/volt). Figure 6(b) shows the retinal image with active depthtracking demonstrating that the image is kept relatively stable (standard deviation of 60 μm) within the imaging range at the level pre-selected by the user. Once the image of the retina is constrained within the imaging range with a relatively constant SNR using the depth-tracking algorithm, the stability of the retina can be further improved through software as shown in Fig. 6(c) . The software stabilization is done by cross-correlating pairs of adjacent images, finding the shift in the cross-correlation, and translating back the second image by this shift [15] . With the standard deviation of 60 μm, the stabilization error for the measurement was determined to be ± 60 μm. The associated reference arm length changes (image displacement) from the RSOD galvanometer are shown in Fig. 6(d) as a function of the frame number. The horizontal axis in Fig. 6(d) can also be converted to time given the video-rate acquisition of 29 fps. Volumetric retinal imaging with active three-dimensional tracking is demonstrated in Fig. 7 . Fig. 7(a) shows the enface image of the retinal scan over optical nerve head and Fig   Fig. 7 . Movie of the retina illustrating volumetric SD-OCT imaging with three-dimensional tracking. a) Enface image over optical nerve head (6.4 x 6. It can be observed that the algorithm as described in section 2, stabilizes the image taking the retinal curvature into the account The shadows seen in the image are due to the blood vessels that prevent the light penetrating through them due to blood scattering and absorption and can be observed in the enface image as shown in Fig. 7(a) .
Discussion
We can evaluate the velocity at which a patient can move with the current depth-tracking system. As described in section 2, to be able to keep the image of the retina within 1mm range, assuming the retinal thickness around 500 μm in air, and allowing about 300 μm for retina curvature, the maximum allowed axial motion turns out to be ±100 μm. With a 2-frame propagation delay for the error correction, the sample (retina) may be allowed to move by ± 50 μm/frame or close to ±1.45 mm/sec in order to track the retina continuously. In the measurement described above, the maximum velocity was calculated to be around 0.464 mm/sec however it should be noted that the measurement was a simulation of the axial eye motion by manually changing the length of the reference arm. In a clinical setting, the velocities at which the subject could move may vary considerably.
Conclusions
Active 3D eye tracking for removing involuntary eye motions during OCT measurements was demonstrated here by combining lateral tracking with a new depth-tracking system. Depth tracking is achieved through active monitoring of the retina position relative to a fixed set location. A scaled voltage necessary to stabilize the image of the retina is dynamically fed into the RSOD located in the reference arm to offset any pathlength mismatch between the reference arm and the sample arm. Our SD-OCT system can stabilize the image of the retina to within ±100 μm as long as the movement of the head in the axial direction stays within ±2.6 mm. The OCT system combines lateral and axial tracking to provide an absolute 3D stabilization and provides a relatively constant sensitivity by reducing the effect of depth dependent sensitivity decay. Absolute 3D stabilization and constant sensitivity are expected to provide significant improvements for longitudinal studies monitoring progression in ocular diseases such as glaucoma and macular degeneration. Functional retinal testing such as blood flow, spectroscopic OCT, or in combination with adaptive optics for testing photoreceptor responses are other important applications that are expected to significantly benefit from the 3D image stabilization.
